Simulations have shown that bars are subject to a vertical buckling instability that transforms thin bars into boxy or peanut-shaped structures, but the physical conditions necessary for buckling to occur are not fully understood. We use the large sample of local disk galaxies in the Carnegie-Irvine Galaxy Survey to examine the incidence of bars and buckled bars across the Hubble sequence. Depending on the disk inclination angle (i), a buckled bar reveals itself as either a boxy/peanut-shaped bulge (at high i) or as a barlens structure (at low i). We visually identify bars, boxy/peanut-shaped bulges, and barlenses, and examine the dependence of bar and buckled bar fractions on host galaxy properties, including Hubble type, stellar mass, color, and gas mass fraction. We find that the barred and unbarred disks show similar distributions in these physical parameters. The bar fraction is higher (70%-80%) in late-type disks with low stellar mass (M * < 10 10.5 M ⊙ ) and high gas mass ratio. In contrast, the buckled bar fraction increases to 80% toward massive and early-type disks (M * > 10 10.5 M ⊙ ), and decreases with higher gas mass ratio. These results suggest that bars are more difficult to grow in massive disks that are dynamically hotter than low-mass disks. However, once a bar forms, it can easily buckle in the massive disks, where a deeper potential can sustain the vertical resonant orbits. We also find a probable buckling bar candidate (ESO 506−G004) that could provide further clues to understand the timescale of the buckling process.
INTRODUCTION
Bars are common features in disk galaxies, and they play important roles in secular evolutionary processes (Kormendy & Kennicutt 2004) .
Optical studies indicate that the bar fraction is ∼50% (Marinova & Jogee 2007; Barazza et al. 2008; Aguerri et al. 2009 ), while nearinfrared surveys find even higher bar fractions of ∼70% (Hackwell & Schweizer 1983; Eskridge et al. 2000 Eskridge et al. , 2002 Jarrett et al. 2003; Menéndez-Delmestre et al. 2007 ). The existence of a bar in the central region of a galaxy makes it an important probe of the dynamics of the inner disk (Aguerri et al. 2009 ). Bar structure depends on the overall distributions of mass and angular momentum in the host galaxy, and the dynamical effect of a bar on both baryonic and dark matter affects the structural assembly history and morphological evolution of the galaxy (Weinberg 1985; Debattista & Sellwood 1998) . The bar can effectively funnel gas toward the galaxy center to induce the build-up of the central stellar concentration or pseudobulge (Combes & Gerin 1985; Athanassoula 1992; Regan & Elmegreen 1997; Sakamoto et al. 1999; Sheth et al. 2000; Kormendy & Kennicutt 2004) . This inflow can lead to dramatic changes in the galaxy, such as the smoothing of chemical abundant gradients (Martin & Roy 1994) , formation of nuclear star-forming rings (Buta et al. 2003) or nu-clear bars (Erwin 2004) , and fueling of the central black hole (Shlosman et al. 1989) .
Numerical simulations have shown that a bar forms via the bar instability, and then thickens vertically due to the buckling instability (Combes & Sanders 1981; Raha et al. 1991) . The bar quickly buckles in the vertical direction, resulting in a boxy/peanut-shaped (B/PS) bulge in the inner part of the bar as seen in an edge-on view. In extreme cases the inner region may develop a pronounced X-shaped structure (Li & Shen 2012) . The three-dimensional isodensity surfaces of numerically simulated buckled bars are actually composed of three components: the central boxy core, the intermediate B/PS bulge, and an extended thin bar (Li & Shen 2015) . Such simulations can trace the process of bar formation and the subsequent buckling. However, it is not trivial to test models or simulations of bar evolution with observations. Finding buckled bars in real galaxies is challenging, because of projection effects: a buckled bar shows boxy/peanut-like structure only in an edge-on view. At smaller inclinations, the morphological characteristics of a buckled bar become more difficult to identify. Erwin & Debattista (2013) have shown that at relatively moderate inclinations, a B/PS bulge can still be recognized by the orientation differences between the inner boxy isophotes and the outer spurs, which resemble narrow extensions to the isophotes at the outer part of the bar. They pointed out that the spurs are always shifted away from the major axis of the boxy inner zone; this originates from the result of viewing a bar with an inner thickened boxy/peanut bulge and an extended thin component. The B/PS bulge creates the boxy isophotes, while the outer flat part of the bar forms the spurs. Moreover, the outer spurs are offset in the opposite directions from the major axis of the inner boxy structure.
In face-on galaxies, the identification of a B/PS bulge is not straightforward due to the absence of boxy isophotes (Li & Shen 2015) . Recently, a new structure, namely the "barlens" structure, has been identified in disk galaxies in the Near-IR S0 galaxy Survey (NIRS0S; Laurikainen et al. 2011) . It features a lens-like morphology embedded in the bar, covering typically half of the bar length. The outline of the barlens is usually oval or circular, with much smaller ellipticity compared to the extended bar. Both simulations and observations suggest that the barlens is, in fact, the face-on view of a B/PS bulge in the inner half of the bar (Athanassoula et al. 2015; Laurikainen & Salo 2017) .
Although bar formation and growth have been studied extensively in numerical simulations, direct evidence of bar evolution is still lacking from the observational point of view. The identification of B/PS bulge and barlens structures provides an opportunity to investigate important properties related to bar formation and evolution, such as the galaxy stellar mass and the gas mass fraction. Although simulations can easily generate bars and B/PS bulges in disks, the necessary conditions for bars to form and buckle are still not well understood from observations. To answer these questions, a large and statistically complete sample of disk galaxies is essential.
Recently, Erwin & Debattista (2017) selected a sample of 84 local barred, moderately inclined disk galaxies to estimate the fraction of B/PS bulges. They found that the frequency of B/PS bulges strongly depends on the stellar mass, with higher fraction of B/PS bulges in massive galaxies (> 10 10.4 M ⊙ ). They also found a high B/PS fraction for S0-Sbc galaxies (∼80%), and lower values for later-type disk galaxies (15%).
Here, we use the Carnegie-Irvine Galaxy Survey (CGS) as an independent large sample to study the statistical incidence of bars and buckled bars. CGS is a complete broad-band photometric survey of nearby galaxies in the southern hemisphere. As described by Ho et al. (2011; hereafter Paper I) and Li et al. (2011; hereafter Paper II) , the CGS images have very good signal-to-noise ratio (S/N) and high resolution. Compared to Erwin & Debattista (2017) , our sample is larger and more statistically complete. In addition, we identify both B/PS bulges and barlens structures in face-on and moderately inclined disks simultaneously. This can give us a much more comprehensive picture about bars and buckled bars.
In Section 2, we describe the sample selection and identification of buckled bars. The results are shown in Section 3. In Section 4, we discuss the implications of the results, and compare with previous work. Our results are summarized in Section 5.
2. SAMPLE AND METHOD 2.1. Sample selection CGS contains a statistically complete sample of 605 bright, nearby galaxies of all morphological types in the southern hemisphere, with B-band total magnitude B T ≤ 12.9 and δ < 0
• . Given these general selection criteria, the sample includes a broad distribution of galaxy types and luminosities. Images in B,V, R and I-band filters were taken with the du Pont 2.5-m telescope at Las Campanas Observatory, with a field-of-view (FOV) of 8.
′ 9 × 8. ′ 9 and pixel scale of 0. ′′ 259. The seeing is about 1 ′′ over all bands. In the I band, seeing better than 1 ′′ was often obtained. The typical depths of the B, V , R and I-band images are 27.5, 26.9, 26.4, and 25 .3 mag arcsec −2 , respectively (defined as the surface brightness of outer galaxy isophotes that are 1σ above the background sky rms). Thus, for studies of galaxy morphology, CGS provides the advantages of high S/N, high spatial resolution, and a relatively FIG. 1.-Examples of unbarred disks (top row), unbuckled bars (second row), B/PS bulges (third row) and barlenses (bottom row) from CGS I-band images, with North up and East to the left. In the third and fourth rows, the isodensity contours are overlaid to visualize the buckled bar. The isodensity contours of the unbuckled bars in the second row are also shown for comparison. For the B/PS bulge in the third row, the red solid line represents the major axis of the inner boxy structure, and the cyan dashed line represents the direction of the spurs. The spurs are offset from the major axis of the boxy bulge. For the barlens, the outlines of the isophotes show smaller ellipticity as a lens, which traces the vertically thickened part of the bar. large sample size. More information about the survey design, data reduction, and photometric measurements can be found in Papers I and II.
For this study, we select a disk galaxy sample based on the following criteria. Starting with the CGS sample, we first exclude ellipticals and interacting galaxies. We restrict the sample to galaxies with inclination angle (i) less than 70
• . Each galaxy is classified as barred or unbarred according to the morphological identification in the Third Reference Catalogue of Bright Galaxies (RC3; de Vaucouleurs et al. 1991) . We have visually examined all the I-band images of the sample and found good agreement with the RC3 morphological classification 1 . The sample contains 376 disk galaxies with 264 disks hosting bars. In this work, we use the CGS I-band images to minimize the effect of dust extinction. This is important because bar kinematics can channel gas into strong dust lanes in the leading side of the bar. These features can bias the isophotal contours in the bar region to mislead our classification in the optical bands.
Buckled bar identification
A buckled bar shows B/PS isophotes at large inclinations. Erwin & Debattista (2013) have shown that direct detection of a B/PS bulge is possible not only for edge-on galaxies, but also for galaxies with moderate inclination angles (i < 70
• ). A clear example is given in Figure 1 of Erwin & Debattista (2013) . The inner part of the bar has "boxy" isophotes, while the outer isophotes of the bar appear narrower at the end of the boxy zone. These features are denoted as "spurs". The spurs are offset from the major axis of the inner boxy structure in opposite directions. In addition, they also suggested that elliptical isophotal analysis may not be suitable to detect such features, because the boxy+spur isophotes are not well fit by ellipses. In fact, they recommended to measure the radius of the boxy region directly from the images.
The B/PS structure is not directly apparent in face-on disk galaxies. Li & Shen (2015) have shown that the face-on projection of an inner vertically thickened B/PS bulge has nearly elliptical isophotal structure. But it is still possible to trace the B/PS bulge in this case. Athanassoula et al. (2015) examined the properties of barlenses, which are lens-like components inside bars whose outline is oval or circular. By comparing numerical simulations from different viewing angles with observations, they concluded that a barlens is the vertically thick portion of the bar seen face-on. For identification of barlenses, they suggested that any automatic ellipse fitting would not be useful, because the fit would be a compromise between the shape of the barlens and that of the thin outer parts of the bar, which would not give an accurate description of the barlens isophotes.
Using the Spitzer Survey of Stellar Structure in Galaxies (S 4 G) (Sheth et al. 2010; Muñoz-Mateos et al. 2013; Querejeta et al. 2015 ) and NIRS0S, Laurikainen & Salo (2017) identified barlenses in galaxies spanning a large range of inclinations (i ≤ 60
• ). Comparisons with N-body simulations led them to conclude that the "observed" barlens feature can be a result of both the galaxy inclination and the central mass concentration. They suggested that the barlens morphology is expected at i = 50
• when at least a few percent of the disk mass is in a central component; the inner bulge can enhance the appearance of the barlens structure at relatively larger inclination angles.
For the 264 barred galaxies in our CGS sample, we visually search for and identify buckled bar characteristics, namely B/PS bulges and barlenses, according to the criteria mentioned above (Laurikainen et al. 2011; Erwin & Debattista 2013; Athanassoula et al. 2015; Laurikainen & Salo 2017) . Starting from the I-band images of the barred galaxies, we first extract the isophotal contours in the bar region. Our visual examination is mainly based on the contours inside the bar. If the contour looks boxy with a pair of offset spurs connecting at the end, we classify the bar as a B/PS bulge. If the contour is oval or circular with smaller ellipticity compared to the outer contours of the bar, it is classified as a barlens. Of course, even in the I-band, there are some cases with severe dust extinction in the bar region, producing distorted isophotal contours. In this situation, we rely on lower resolution S 4 G and 2MASS (Skrutskie et al. 2006) images to make the final decision.
In this sample, we find 101 buckled bar candidates, with 37 B/PS bulges and 64 barlenses. From top to bottom rows, Figure 1 shows examples of unbarred disks, unbuckled bars, B/PS bulges, and barlenses. In the third and fourth rows, isophotal contours are overlaid to aid visualizations of B/PS bulges and barlenses. For the B/PS bulges, there is a clear offset between the direction of the spurs (cyan dashed line) and the direction of the inner boxy isophotes (red solid line) (Erwin & Debattista 2013) . For the barlenses, the inner isophotes generally have smaller ellipticities to represent a lens-like structure, which traces the vertically thickened part of the bar (Athanassoula et al. 2015) . Table 1 lists the physical parameters and morphological classification of our sample. The stellar mass is estimated from the K-band magnitudes listed in Paper I. We adopt a single K-band stellar mass-to-light ratio of 0.75, which is the average value for the luminous galaxies studied by Bell et al. (2003) and adjusted to a Chabrier (2003) initial mass function. We use the extinction-corrected value of V − I to represent the integrated color of each galaxy. The gas mass fraction is derived from the neutral atomic hydrogen gas mass to B-band luminosity ratio (M H I /L B ) and B-band luminosity listed in Paper I.
RESULTS

Distribution of bar and buckled bar fractions
In this section, we study the physical parameter differences between barred and unbarred disks, and between buckled bars and unbuckled bars. The main purpose is to understand the origin of bar formation and examine the conditions under which bars buckle. First, we check the bar and buckled bar fraction at different inclination angles. From the left panel of Figure 2 , the bar fraction ( f bar = N bar /N disk ) and buckled bar fraction ( f buckled = N buckled /N bar ) are roughly constant across different inclination angles. This suggests that the RC3 bar identification is robust and not affected by the inclination angle. In the right panel of Figure 2 , the B/PS fraction ( f B/PS = N B/PS /N buckled ) increases toward higher inclination angles, while the barlens fraction ( f barlens = N barlens /N buckled ) decreases significantly. This is expected from the 3-D morphology of the buckled bars, where the isophotes are more boxy at larger inclination angles, confirming that our visual identification results are probably unaffected by the inclination angles.
At 60
• inclination, the barlens fraction in CGS is ∼30%. This is consistent with previous studies. Laurikainen et al. (2014) performed a statistical study on the barlenses and boxy/peanut/X-shaped bulges in S 4 G and NIRS0S. According to their Figure 2(a) , the minor-to-major axis ratios (b/a) of galaxies hosting barlens have a wide distribution, from 0.3 to 1.0, roughly corresponding to i = 70
• to face-on. Compared to the B/PS bulges, the relative fraction of barlenses increases from ∼ 30% at i ≈ 60
• to 100% at i ≈ 0 • . Based on Nbody simulations, Laurikainen & Salo (2017) concluded that the barlens feature can be a result of both the galaxy inclination and the central mass concentration. With a few percent disk mass within the central region much smaller than the barlens itself, the barlens feature can be detected at i = 50
• .
In Figure 3 , from left to right panels, we show the fraction of bars in disk galaxies ( f bar = N bar /N disk ) and the fraction of buckled bars in the bar sample ( f buckled = N buckled /N bar ) as a function of the galaxy morphology, stellar mass (M * ), color (V − I), and H I gas mass fraction (M H I /M * ), respectively. The profiles of Figures 2 and 3 are also tabulated in Table 2 . The bar fraction in disk galaxies increases toward later types (∼50% in S0 galaxies to ∼70% in Sd-Sm disks; first panel), lower stellar mass (from 50% at M * ≈ 10 11.5 M ⊙ to 80% at M * ≈ 10 8.5 M ⊙ ; second panel), bluer optical colors (60% for V − I ≈ 1.6 to 80% for V − I ≈ 0.8; third panel), and higher gas content (60% for M H I /M * ≈ 0 to 80% for M H I /M * ≈ 0.3; fourth panel). The latter trend is expected because the gas mass ratio is higher in late-type disks (Roberts & Haynes 1994) .
Galaxy properties are highly correlated themselves; for instance, massive disk galaxies are in general redder and of earlier type. A more physically meaningful approach is to study the distributions of f bar and f buckled in bins of different galaxy parameters. This can help avoid parameter correlations. In Figure 4, we show the dependence of bar fraction on galaxy morphology, stellar mass, color, and gas mass ratio. The grids do not have equal size. The purpose is to balance the number of galaxies in each grid, which is required to be larger than 20. In panel (a), in each galaxy morphological bin, the bar fraction is higher in lower mass galaxies. Interestingly, from panels (b) and (c), S0s seem to have relatively higher bar fraction in objects with redder color and lower gas mass ratio, whereas for the other types, the bar fraction is higher for bluer colors and higher gas mass ratios. From panels (d) and (e), the bar fraction is apparently much lower in massive disks. For a given stellar mass bin, f bar varies slightly with other parameters. The results suggest that the stellar mass is a more important parameter than color and gas mass ratio.
From the red dashed lines in Figure 3 , the buckled bar fraction shows much stronger variation with host galaxy parameters compared to the bar fraction. We find that f buckled is almost 0 in galaxies with late-type morphology, lower stellar mass, blue color, and high gas mass ratios. On the other hand, the buckled bar fraction can reach 60% in early-type morphologies, massive disks, red color, and lower gas mass ratios. Similar to the bar fraction, we also show the buckled bar fraction as a function of host galaxy properties in Figure 5 . We can see that f buckled is highest in massive disks (M * > 10 10.5 M ⊙ ), in redder disks (V − I > 1.2 mag), and in systems with lower gas mass ratios (M H I /M * < 0.1). This is also true in each morphological bin, as shown in panels (a)-(c). From panels (d) and (e), f buckled = 0% below 10 10.5 M ⊙ , and reaches ∼ 60% at 10 11.5 M ⊙ . This result indicates that stellar mass is also the key parameter for the bar to buckle.
A possible buckling bar candidate: ESO 506−G004
It is interesting to search for examples of peanut-shaped bulges that are currently experiencing the buckling process. Considering the short timescale for buckling to occur, only a small fraction of bars are expected to be undergoing this process at any given time. Based on numerical simulations, Erwin & Debattista (2016) pointed out that bars in the process of buckling often show vertical asymmetry, in particular trapezoidal inner regions and outer spurs that are identically offset from the inner region major axis. Following these cri- teria, we visually examined the CGS barred disks again, and found one possible candidate, ESO 506−G004. The isophotes and the structure map 7 of this galaxy are shown in Figure 6 . The inner region is slightly trapezoidal, with the outer spurs deviating in the same direction.
The isophotal structure is similar to the buckling galaxy NGC 4569 reported by Erwin & Debattista (2016) . Although the trapezoidal inner isophotes of ESO 506−G004 are not as prominent as those of NGC 4565, the offset of the outer spurs with respect to the inner region major axis is quite similar between the two galaxies. From the structure map we identify an X-shaped bar, an expected signature of the buckling process in the disk. According to numerical simulations, once a bar forms, it quickly buckles in the vertical direction (within ∼ 0.5 Gyr). This probably indicates that the bar in this galaxy formed fairly recently. The confirmation of the buckling bar in ESO 506−G004 would require stellar kinematic informa- 8 < log M * < 10 10 < log M * < 10.5 10.5 < log M * < 11 11 < log M * < 11.5 11.5 < log M * < 12 tion. Erwin & Debattista (2016) pointed out that the buckling phase is accompanied by asymmetries in the stellar velocity dispersion measured along the major axis of the bar.
In the sample of Erwin & Debattista (2016) , for the 44 barred galaxies with M * ≥ 10 10.4 M ⊙ , they found a B/PS fraction of ∼80% and a buckling fraction of 4.5%. Using a toy model, Erwin & Debattista (2016) estimated that after bar formation, the time delay for buckling is ∼2.2 Gyr, and the buckling lasts ∼0.8 Gyr. The results are roughly consistent with simulations, which find that the time delay for buckling is 1 − 2 Gyr, and that the buckling phase lasts 0.5 − 1 Gyr (Martinez-Valpuesta & Shlosman 2004; Martinez-Valpuesta et al. 2006 ). Our sample is independent from that of Erwin & Debattista (2016) , and we include both the barlens and B/PS bulges to trace the buckled bar in a more comprehensive way. In CGS, there are 195 barred disks with M * ≥ 10 10.4 M ⊙ . In this subsample, 98 are buckled, with 36 B/PS bulges and 62 barlenses; the corre-sponding buckled fraction is 50% (18% for B/PS bulges and 32% for barlenses), and the buckling fraction is 0.5%. These values are lower than those in Erwin & Debattista (2016) , suggesting shorter buckling time delay and buckling phase period as given by these authors. The buckling bars are difficult to identify in face-on systems. Thus, the buckling fraction we find here is likely a lower limit to the intrinsic buckling fraction. This difference may be due to several factors, such as sample selection and methods for identification of B/PS structures and barlenses.
It is not likely that we missed a large fraction of B/PS bulges in the CGS sample. Although we use visual examination to identify barlenses and B/PS bulges, from Figure 2 , the fraction of buckled bars identified is quite flat as a function of inclination ranging from 20
• to 70
• , while the B/PS and barlens fractions each show a strong dependence on inclination angle. If our visual search had a much lower efficiency for identifying buckled bars at either high or low inclination angles, this would manifest itself as a strong dependence of f buckled on i, contrary to what we observe.
DISCUSSION
Conditions for bar formation and buckling
In this section we discuss the conditions for disks to grow bars and for the bars to buckle. Numerical simulations suggest that to support the growth of a bar perturbation the disk should be dynamically cold. Our analysis indicates that the bar fraction is relatively higher in bluer, lower mass late-type disks with high gas mass fraction (Fig. 3) .
To understand the conditions for bar formation and buckling, it is essential to investigate the distribution of unbarred, unbuckled, and buckled disks as a function of galaxy physical parameters. Figure 7 shows the results of our sample. Comparing the unbarred disks with the barred disks (including both buckled and unbuckled bars), it seems that they show similar distributions. However, there are indeed more barred disks with lower stellar mass, higher gas mass ratio and bluer color. This is consistent with the expectations from numerical simulations that dynamically colder disks can better support the initial growth of the bar instability. In the local Universe, early-type galaxies usually have higher stellar mass than latetypes. Based on the morphological classification, the earlytype disks also harbor significant classical bulges compared to the late-type ones, where low-mass disk-like pseudobulges are seen more frequently. In addition, the higher fraction of gas mass in the late-type disks also helps to reduce the velocity dispersion, resulting in conditions more conducive to the formation of bars.
From Figure 3 , it can be seen that the buckled bar fraction is much higher in early-type and massive disks. It also increases toward galaxies with red colors and lower gas mass ratios. Among these parameters, the stellar mass and gas mass ratio are more important. As shown in Figure 5 (e) and Figure 7 , most buckled bars occur in systems with M * > 10 10.5 M ⊙ and M H I /M * < 0.1. The buckling bar candidate ESO 506−G004 lies in the buckled bar region of this parameter space.
In simulations, once the bar forms, it easily gets buckled in the subsequent evolution stage. However, the observational results portray a more complicated picture. Based on our sample, it seems that for a bar to buckle, it needs to stay in a massive disk with less gas content. This is different from the bar formation condition, which primarily requires a dynamically cold disk. The buckling instability mainly perturbs the stel-FIG. 7.-Distributions Hubble type, color, and gas mass ratio as a function of stellar mass. Different symbols represent different types of galaxies (black cross: unbarred disks; red diamond: unbuckled bars; blue dots: buckled bars; brown star: buckling bar). lar orbits constituting the bar in the vertical direction, while still maintaining the orbital shapes in the disk plane. It happens when σ Z ≤ 0.3σ R (Toomre 1964) . Once the bar forms, in the inner region of the galaxy, a massive disk with deeper potential well can better constrain the growth of the vertical velocity dispersion, compared to a low-mass disk. In addition, the bar also needs to be massive enough to maintain the orbits after their vertical resonances to form B/PS bulges and barlenses. From our results, it seems that the lower boundary of the disk stellar mass for a bar to buckle is ∼ 10 10.5 M ⊙ . Erwin & Debattista (2017) found that the frequency of B/PS bulges strongly depends on galaxy stellar mass, with ∼80% bars in galaxies more massive than 10 10.4 M ⊙ having B/PS bulges. They found strong trends of B/PS fraction with Hubble type, with a B/PS fraction of ∼80% for S0-Sbc galaxies and 15% for disk galaxies of later type. In addition, they reported no evidence that the gas mass ratio affects the presence of B/PS bulges.
Comparison with previous work
Our results in this study are generally consistent with their findings. It is worth noting that we consider both B/PS bulges in moderately inclined disks and barlenses in face-on disks, which have been suggested to be the same structure seen from different viewing angles. Erwin & Debattista (2017) only focused on the B/PS bulges in moderately inclined disks. Our sample has the additional advantages of being larger and more statistically complete than the sample in Erwin & Debattista (2017) .
Strong trends with the Hubble type also exist in our results. The bar fraction in disks increases from S0 (∼50%) to Sd (∼80%) galaxies. But the buckled fraction in bars shows different trends. In S0s, the buckled bar fraction is about 30%; it peaks in Sa and Sb galaxies, which have a buckled bar fraction of ∼70%. For later type galaxies, the buckled fraction decreases significantly. The results are similar to Erwin & Debattista (2017) except that they found a B/PS fraction about 80% in S0s.
We also find that the buckled bar fraction increases quickly for stellar masses larger than 10 10.5 M ⊙ , rising quickly from 0% to ∼80% beyond this threshold. By contrast, the bar fraction gradually drops from 80% to 50% as the stellar mass increases. The stellar mass seems to play different roles here. On the one hand, it significantly enhances bar buckling. On the other hand, bar formation seems to be restrained at the high-mass end.
In our study, gas also appears to play an important role. The bar fraction slightly increases from 60% to 80% at higher gas mass fraction; however, the buckled bar fraction drops significantly at high gas mass ratio. This is consistent with simulation predictions.
The size distribution of B/PS bulges was investigated in Erwin & Debattista (2017) . Generally speaking, the B/PS bulge extends to about half the bar length, which is consistent with numerical simulations. Here we only focus on general statistical properties of the galaxies. A future work will investigate the geometric parameters (e.g., ellipticity, size, etc.) and isophotal parameters (e.g., surface brightness profile, light fraction, etc.) of the B/PS, barlens, and unbuckled bars.
SUMMARY
We perform a statistical study of the host galaxy properties of bars and buckled bars in a large, statistically complete sample of local disk galaxies from CGS. With careful visual examination, B/PS bulges and barlenses are identified. These structures constitute the main features of a buckled bar seen from different viewing angles. Across different inclination angles, the bar fraction and buckled bar fraction are roughly constant, indicating the robustness of the bar/buckled bar detection.
We investigate the statistical incidence of bars and buckled bars as a function of host galaxy Hubble type, stellar mass, color, and gas mass ratio. The bar fraction increases from 50% in S0s to ∼80% in later types. It decreases toward massive stellar disks and increases with higher gas mass ratios. From the distribution of these parameters, we find no clear differences between bars and unbarred disks. It seems quite difficult to prevent bar formation. On the other hand, the buckled bar fraction increases significantly toward systems of high stellar mass (> 60% with M * > 10 10.5 M ⊙ ) and low gas mass ratio (M H I /M * < 0.1).
Overall, stellar mass is one of the most important parameters examined, but gas mass fraction also appears to be related to bar properties. Bar formation requires a dynamically cold disk, where a massive disk with a classical bulge may prevent bar formation in the first place. However, once the bar forms, a deeper potential well seems necessary to support the buckled bar orbits.
